C
-reactive protein (CRP) is a marker of systemic inflammation and has been postulated to increase the risk of the development of hypertension. 1 Although a large number of studies show that higher levels of circulating CRP are related to higher blood pressure, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] these associations may be noncausal. Factors that increase CRP levels (such as obesity, smoking, adverse socioeconomic circumstances, and various disease states) may themselves influence blood pressure levels. The conventional approach to this issue is to statistically adjust for such confounding factors, but this approach may be misleading given measurement error in the assessment of confounders or the presence of unmeasured confounders, both of which lead to inadequate statistical control and residual confounding. 11 Further, because most studies of this association have been cross-sectional, 2-7 reverse causality cannot be excluded.
We demonstrated recently that in a situation in which observational epidemiological studies and randomized controlled data have given discrepant findings (that of vitamin C and cardiovascular disease risk) taking into account a wide range of confounding factors acting over the life course leads to observational study results being close to those of randomized trials. 12, 13 Additionally, a potentially powerful approach to avoiding residual confounding and reverse causation is through Mendelian randomization. 14, 15 In this approach, genotypes that influence the variable of interest are directly related to the outcome. The genotypes will not be associated with confounding factors, such as obesity, smoking, and social circumstances, nor will they be related to disease processes that themselves influence CRP levels. 15 Thus, the association between genotype and outcome can give an unconfounded test of whether CRP levels causally influence outcomes. Therefore, we have applied this method, using the (dbSNP_1800947) 1059G/C polymorphism within the exon 2 of the CRP gene, which is associated with CRP concentrations, 16 to investigate whether CRP levels influence blood pressure in the British Women's Heart and Health Study.
Methods

Participants
Full details of the selection of participants and measurements used in the British Women's Heart and Health Study have been reported previously. 17, 18 Between 1999 and 2001, 4286 women aged 60 to 79 years randomly selected from 23 British towns were interviewed, examined, completed medical questionnaires, and had detailed reviews of their medical records. 17 Local ethics committee approvals were obtained for the study.
Measurement of CRP, Genotype, and Blood Pressure
CRP was assayed by a high-sensitivity immunonephelometric assay on a ProSpec protein analyzer (Dade-Behring) as described previously. 19 DNA was extracted by salting out procedure. 20 Genotyping was undertaken by KBioscience Ltd.
A Dinamap 1846SX vital sign monitor was used to measure blood pressure. Measurements were taken twice in succession, with a 1-minute interval, with the participant seated and the arm supported on a cushion at chest level. Arm circumference was measured and the appropriate cuff size was used. The mean of the 2 measurements was used in all analyses. Pulse pressure was calculated as the difference between systolic and diastolic blood pressure, using the mean of the 2 seated measurements. At the research nurse interview, all participants brought their current medications and a detailed drug history was undertaken. Participants were coded as taking hypertensive medications if they were currently using medications listed in section 2.2.1 (thiazide diuretics), 2.4 (␤-blockers), 2.5 (drugs affecting the renin-angiotensin system and some other antihypertensive drugs), or 2.6.2 (calcium channel blockers) of the British National Formulary (http://www.bnf.org/). Because most of these drugs have multiple indications, their use as antihypertensives was confirmed by participant report that he/she had been prescribed the drug(s) for hypertension. (If a participant was unable to state why she was taking a potential antihypertensive but did not report that use was for another specified reason, it was assumed she was taking it for hypertension.) Subjects were considered hypertensive if systolic blood pressure was Ն160 mm Hg, diastolic blood pressure Ն100 mm Hg, or they were taking blood pressure-lowering medication. 21 
Measurement of Potential Confounding Factors
Weight, height, and waist and hip circumference were measured using standard procedures 17 and were used to calculate body mass index and waist-to-hip ratio. Blood samples were taken after a minimum 6-hour fast. High-density lipoprotein and triglyceride levels were assessed using standard procedures. 17 Forced expiratory volume in 1 second (FEV 1 ) was measured using a digital meter Vitalograph with an attached printout. The Vitalograph was calibrated each day using a 1-L syringe and automated so that results were adjusted for ambient temperature. After a demonstration and practice, participants were required to perform a minimum of 3 reproducible forced vital capacity (FVC) measures (within 5% of maximum FVC produced). The output that produced the highest sum of FVC and FEV 1 were used in the analyses. Women who could not perform 3 reproducible measures or who were unable to attempt the lung function assessment were excluded. Data on socioeconomic indicators across the life course were obtained from questionnaires and included information on the longest-held occupation of the participant's father during her childhood, childhood household amenities (bathroom, hot water, bedroom sharing, and car access), age at completion of full-time education (categorized as Յ15, 16 to 18, or Ͼ18 years), the longest-held occupations of the participant and her spouse, adult housing tenure (owner occupied, private rented, local authority rented, other), car access, and pension arrangements (state only, state and employment, state and private, state employment and private). 15 As described previously, from these measures, an overall score of life course socioeconomic position (SEP) was created, running from 0 to 10. 18 Data on smoking (classified as never, past, or current, including those who said they had quit smoking in the 6-month period before assessment), frequency of alcohol consumption (daily or most days, weekends only, once or twice per month, special occasions only, never; in the analyses, the last 2 categories were combined), and physical activity (categorized as Յ2, 2 to 3, or Ն3 hours per week of either moderate or vigorous activity) were obtained from the interview or questionnaires. Data were requested on hormone replacement therapy, and women were categorized as never, past, or current users. Early parental death from cardiovascular disease was defined as anyone reporting that either biological parent had died at Ͻ60 years of age of "heart attack," "high blood pressure," or "stroke."
Statistical Analysis
Women who were on warfarin (nϭ69) at the time of blood sampling were excluded from all analyses. Means or prevalence and 95% CIs for blood pressure and all potential confounders are presented by quarters of the distributions of CRP and by genotype. Multiple linear and logistic regression were used to assess the associations of CRP with blood pressure and hypertension. In a simple model, adjustment was made for age (continuous variable) only. In the fully adjusted model, we adjusted for all confounders recently included in a large study claiming that CRP was causally related to hypertension, 1 namely body mass index (continuous), physical activity (3-level categorical), smoking (3-level categorical), alcohol consumption (4-level categorical), hormone replacement therapy (3-level categorical), doctor diagnosis of diabetes (binary), early parental death from cardiovascular disease (binary), and triglyceride (logged) and highdensity lipoprotein levels. We also adjusted for FEV 1 , adult height, waist-to-hip ratio and life course SEP score (all continuous). These covariates were chosen a priori and are all considered in the multivariable models rather than covariates being data driven, for example, by stepwise regression. 22 Instrumental variable regression was used to estimate the causal effect of CRP on blood pressure, pulse pressure, and hypertension. This gives a point estimate identical to the ratio of the coefficient for the regression of outcome on genotype to that of CRP on genotype, with CIs that account for the uncertainty in both associations. 23 This method calculates the predicted effect of CRP on blood pressure, pulse pressure, and hypertension, given the association between genotype and CRP levels and the association of genotype with these outcomes. The statistical uncertainty in genotype-CRP and genotype-outcome associations is taken into account in this analysis. Because genotype is associated with CRP but not with any confounders, the predicted CRP-outcome associations are unconfounded and are likely to correctly estimate the causal influence of CRP on these outcomes.
CRP and triglyceride concentrations were positively skewed, but their logged values had normal distributions. Geometric means are presented for these variables, and their logged values were used in the regression models. Differences in blood pressure or hypertension are presented per doubling of CRP. In sensitivity analyses, all women with very high CRP levels (Ͼ10 mg/L) likely to be indicative of an acute inflammatory response, and those on nonsteroidal anti-inflammatory drugs, corticosteroids, or antibiotics at the time of blood testing were excluded and all analyses repeated. All analyses were conducted using Stata version 8 (StataCorp.). The instrumental variable analyses used the built-in ivreg command for the continuous outcome of blood pressure and the downloadable qvf command 24 for the dichotomous outcome of hypertension.
Results
Of the 4217 women in the British Women's Heart and Health Study who were not on warfarin, 3529 (84%) had data on all of CRP, genotype, systolic blood pressure, and pulse pressure. Table 1 shows the mean systolic blood pressure and pulse pressure together with means or proportions of potential confounding factors across quarters of CRP. There were positive linear associations between CRP and systolic blood pressure, pulse pressure, and hypertension. Those with higher CRP levels had higher life course SEP scores (indicating greater deprivation across their life course), were more generally and centrally obese, were shorter, had higher triglyceride and lower highdensity lipoprotein levels, and were more likely to smoke, have diabetes, and to have ever used hormone replacement, and were less likely to be physically active or to consume moderate amounts of alcohol on a daily basis. There was no association between CRP level and having a parent who had died of cardiovascular disease at Ͻ60 years of age. Table 2 shows the associations of CRP with blood pressure, pulse pressure, and hypertension, with adjustment for potential confounding factors. These results are for 2645 (75% of the 3529 included in any analyses) women with complete data on all covariates included in any multivariable models. The age-adjusted associations in these women were the same as in the 3529 included in the initial analyses and presented in Table 1 . The associations between CRP and systolic blood pressure and pulse pressure were considerably attenuated toward the null, with full adjustment for all potential confounding factors, including life course SEP, lung function, adult height, and waist-to-hip ratio, although those in the highest quarter of CRP levels had systolic blood pressure and pulse pressure levels that were higher than those in the lowest quarter in these adjusted models. The association between CRP and hypertension was abolished in the fully adjusted model.
Of the 3529 women, 3098 (87.3%) were of GG genotype, 437 (12.4%) were heterozygous (GC), and 11 (0.3%) were homozygous for the C allele. The genotype frequencies were in Hardy-Weinberg equilibrium (Pϭ0.33) Because of the small number who were homozygous for the polymorphism, in all remaining analyses, those with genotype CC have been combined with those with genotype GC (C carriers). Women who were G carriers had higher levels of CRP than those who did not carry the polymorphism, but despite being associated with a difference in CRP, genotype was not associated with blood pressure, pulse pressure, hypertension, or any of the potential confounding factors (Table 3) .
In ordinary unadjusted linear regression, a doubling of CRP was associated with an increase in systolic blood pressure of 1.27 mm Hg (95% CI, 0.76, 1.77 mm Hg), whereas applying an instrumental variable regression approach to the genotype-CRP and genotype-blood pressure associations yielded an estimated causal effect of 0.08 mm Hg (95% CI, Ϫ6.52, 6.69 mm Hg). In ordinary unadjusted linear regression, a doubling of CRP was associated with an increase in pulse pressure of 1.19 mm Hg (95% CI, 0.77, 1.62 mm Hg), whereas applying an instrumental variable regression approach to the genotype-CRP and genotype-pulse pressure associations yielded an estimated causal effect of Ϫ0.40 mm Hg (95% CI, Ϫ5.38, 4.57 mm Hg). In ordinary unadjusted logistic regression, a doubling of CRP was associated with an odds ratio of hypertension of 1.14 (95% CI, 1.09, 1.19), whereas using the instrumental variable regression, the causal effect for a doubling of CRP was an odds ratio of 1.03 (0.61, 1.73).
When we repeated the analyses with women who were on nonsteroidal anti-inflammatory drugs, corticosteroids, or antibiotics at the time of blood sampling (nϭ430), or those of the remaining women with a CRP level Ͼ10 mg/L (nϭ136), a total of 566 exclusions, the results did not differ substan- tively from those presented here. For example, with these exclusions in ordinary unadjusted linear regression, a doubling of CRP was associated with an increase in systolic blood pressure of 1.53 mm Hg (95% CI, 0.85, 2.21 mm Hg), whereas applying an instrumental variable regression approach yielded an estimated causal effect of 0.13 mm Hg (95% CI, Ϫ8.63, 8.83 mm Hg).
Discussion
Similar to previous studies, we have shown that CRP is positively associated with systolic blood pressure, pulse pressure, and hypertension. [1] [2] [3] [4] [5] [6] [7] [8] 10 Such associations have led to the suggestion that pharmaceutical agents that lower CRP levels should be developed and tested as potential preventative and therapeutic agents to lower risk of vascular disease. 25 However, CRP was associated with several factors that could confound its associations with systolic blood pressure and hypertension. Adjustment for a series of potential confounding factors abolished the association with hypertension and considerably attenuated that with systolic blood pressure and pulse pressure. In particular, obesity is associated with increased plasma levels of proinflammatory cytokines, including interleukin-6 and tissue necrosis factor ␣, which increase circulating CRP levels; hence, obesity is a major potential confounder of the association between CRP and blood pressure. 26 -28 The remaining elevated levels of systolic blood pressure and pulse pressure among those in the highest compared with lowest quarters of CRP (Table 2) would be clinically important if causal. However, the marked attenuation of these estimates with adjustment for all potential confounding factors assessed in this study suggests that the remaining association may reflect residual confounding because of measurement error among included confounders or unknown confounding factors. 11, 29 Adjustment for confounding is not a straightforward issue. Although underadjustment is likely because of measurement imprecision in the confounders, 29 it is also possible that factors considered to be confounders are actually on the causal pathway between CRP and blood pressure, and therefore, adjusting for them is misleading. In the present study, we adjusted for the same factors as in a key article relating CRP to the risk of developing hypertension 1 and, in addition, adjusted for FEV 1 and height (both of which in part will reflect early life adverse environmental factors, as well as provide an additional objective measure reflecting lifetime smoking), waist-to-hip ratio, and a lifetime socioeconomic circumstances score. In the case of some of the confounding factors and hypertension, it could be argued that CRP mediates these associations. In this situation, adjusting for an underlying factor that is not itself causal, but the effect of which is mediated through CRP, should not cause marked attenuation of the association between CRP and systolic blood pressure or hypertension. By analogy, smoking may be considered to mediate the association between social position and lung cancer, but adjusting for social position has very little effect on the smoking-lung cancer association. The only circumstance in which adjusting for an underlying factor will attenuate the association between the causal mediator and the outcome is where measurement imprecision is substantially greater for the causal mediator. This is unlikely in the present situation.
We additionally investigated whether CRP was a causal factor with regard to systolic blood pressure, pulse pressure, and hypertension by studying a genotype related to CRP levels. Consistent with a previous study, we have shown that the C allele of the 1059G/C polymorphism in exon 2 of CRP is associated with lower CRP. 16 The basic principle of Mendelian randomization, 15 that the CRP genotype associations with blood pressure would not be confounded by the same factors that would confound the association between measured CRP and blood pressure, was realized. As Table 3 demonstrates, CRP genotype was essentially unrelated to any factor other than CRP levels. Given the statistically highly robust difference in CRP levels between individuals classified by genotype, if CRP were indeed causal with respect to systolic blood pressure and hypertension, then the genotype associated with higher CRP levels should be associated with higher levels of blood pressure and a higher prevalence of hypertension. This was not seen. The lack of association between genotype and either systolic blood pressure or hypertension suggests that the CRP-hypertension association is attributable to confounding, reverse causality, or both, and there is no causal relationship between CRP and this outcome. However, our Mendelian randomization analytical approach suggests that we cannot, with 95% confidence, exclude the observed positive associations of CRP with systolic blood pressure and hypertension, demonstrating the need for large sample sizes in these studies, especially when the polymorphism is rare or has a modest effect on the exposure, as is often the case. 30, 31 Given this, the fact that adjustment for confounding and the Mendelian randomization approach suggest null effects of CRP on blood pressure, pulse pressure, and hypertension adds strength to our conclusion.
Our study is of women only, and because there is a marked sex difference in mean CRP levels, with higher levels among males, these results may not be generalizable to men. 32 However, despite differences in mean levels, CRP has been shown to predict higher blood pressure, hypertension, and cardiovascular disease in similar ways in females and males. We can see no biologically plausible reason why the association between CRP and blood pressure and hypertension is unlikely to be causal in females, as suggested by our study, but might be causal in males.
Conclusion
Our data suggest that the association between CRP levels with blood pressure and hypertension observed in many observational studies reflects confounding and reverse causation, rather than a causal effect. If this is the case, then developing pharmaceutical agents to lower CRP levels will not be a productive strategy. Our conclusion is made less firm by possible hypothetical objections to our strategy for controlling for confounding and because of the statistical imprecision in the Mendelian randomization approach. The fact that both approaches yield central effect estimates near to the null strengthens our conclusion that there is little evidence that the associations between CRP and blood pressure outcomes are causal.
Genotyping additional variants in the CRP gene 33 and constructing haplotypes that are associated with larger differences in CRP, or with similar differences in CRP but identifying more equally sized groups, would increase statistical power, as would an increase in sample size. With such increased statistical power, the Mendelian randomization approach has considerable potential for giving precise boundaries around any possible causal effects of CRP on blood pressure and hypertension. The approach can, of course, be extended to test the causal nature of associations between CRP and cardiovascular disease events and to many situations in cardiovascular disease epidemiology. 15, 31 
